The microstructure control through the refinement of solidification structure has been studied in an Fe-0.05ϳ0.30%C-1.0%Mn-1.0%Ni alloy as functions of particle characteristics of TiO X , Al 2 O 3 , ZrO 2 , Ce 2 O 3 and MgO and solidification mode. The numbers of d and g grains per unit area have been measured in the samples quenched at the start temperatures of g single phase (1 673 K at 0.05 % C, 1 743 K at 0.15 % C and 1 733 K at 0.30 % C). The nucleation event of g phase per one d grain per unit area increases with decreasing the lattice misfit parameter between oxide and g-Fe at 0.15 and 0.30 % C, not 0.05 % C. The results for g grain density whose inverse value corresponds to the g grain size can be explained by the grain-growth-inhibition effect. The g grain size decreases with increasing the Zener pinning force at 0.15 and 0.30 % C, not 0.05 % C. The g grain size obtained by quenching at the start temperatures of g single phase for 0.05 % C is considerably higher than that for 0.15 and 0.30 % C.
Introduction
For the purpose of controlling austenite grain size the refinement of solidification structure has been previously studied by using various deoxidation products in Fe-0.15%C-1.0%Mn-1.0%Ni alloy. 1) It was found that the number of d grains per unit area obtained by Ce 2 O 3 particles is higher than that by ZrO 2 or Ti 2 O 3 particles. These results can be interpreted by the lattice misfit parameter between oxide and d-Fe, but the number of d grains per unit area is independent of the number of these particles per unit area in the range between 200 and 800 mm Ϫ2 . It is well known that the TiN particles nucleated on MgO or spinel act as nuclei for single phase solidification of ferritic stainless steel.
2) The ZrO 2 particles with low lattice misfit parameter between oxide and g-Fe are found to act as nuclei in Fe-10%Ni and Fe-0.5%C-1.0%Mn alloys which have the g single phase solidification. 1) However, it is not always true in an Fe-C alloy with two-phase solidification that the control of solidification structure corresponds to the control of g grain size.
In an Fe-C (Ͻ0.51 %) alloy, the g phase nucleates through the d/g transformation at CϽ0.10 % and the peritectic reaction at 0.10Ͻ[%C]Ͻ0.51. Fredriksson and Stjerndahl 3) discuss the formation of g grains in four different ways depending on the carbon range of Ͻ0. 10 It is of interest to study whether oxide with low lattice misfit parameter between oxide and g-Fe is required for the d/g transformation in the case of [%C]Ͻ0.10, as observed in g single phase solidification. The nucleation of g phase on oxide particles located in intragranular d region is less favorable than that at d/d grain boundaries if the surface area of d grain boundaries per unit volume is larger than that of oxide particles. For the nucleation of intragranular g phase a large number of oxides with high nucleation potency is prerequisite and this situation is different from the solidification of g phase nucleated from liquid Fe.
The solute segregation at d/d grain boundaries influences the driving force for the nucleation of intergranular d phase. However, the degree of solute enrichment at interdendritic region which is the initial d grain boundaries is dependent on the solidification mode. 4) That is, solute is less segregated in the range below 0.10 % C due to the rapid back-diffusion of solute into d phase. Therefore, it is said that the g phase nucleation at d/d grain boundaries is not influenced by the solute elements, because less solute segregation occurs in the range below 0.10 % C.
For the refinement of g phase through the control of solidification structure, the grain-growth-inhibition by pinning must be considered simultaneously. It was experimentally observed that the g grain size in single or two-phase solidification obtained at steady state is not affected by the kind of oxide phase. At non-steady state, however, the g grain size depends not only on the pinning force, but also strongly on carbon content. 5, 6) It was found that the g grain size at the eutectic carbon content (0.17 % C) is highest, because the g grain growth is retarded in two phase regions by phase pinning.
7)
The refinement of microstructure in an Fe-0.15%C-1.0%Mn-1.0%Ni alloy using TiO X , MgO, ZrO 2 and Ce 2 O 3 particles has been previously studied. 1) These results are discussed based on the lattice misfit parameter between oxide and d-Fe and that between oxide and g-Fe which correspond to the nucleation potency for the liquid/d and d/g transformations, respectively. Furthermore, the results for g grain size have been discussed based on the Zener pinning force.
The purpose of this study is to clarify the effect of oxide phase and number of particles on the refinement of g phase through d phase control, based on the nucleation of g phase using the lattice misfit parameter between oxide and g-Fe and the g grain-growth-inhibition using the Zener pinning force. For this purpose, the effect of solidification mode on g grain size in an Fe-0.05ϳ0.30%C alloy deoxidized with Ti, Al, Zr, Ce or Mg has been systematically studied from the measurement of the numbers of d and g grains per unit area as a function of carbon content and oxide phase. It is to be noted that the d grain density is affected not only by the characteristics of oxide particles, but also by thermal gradient and solidification velocity, but in the present experiments the solidification structure was controlled under constant cooling rate.
Experimental
An Fe-0.05, 0.15 or 0.30%C alloy (70 g) containing 1.0 % Mn and 1.0 % Ni was melted and deoxidized with an Fe-10%M (MϭTi, Al, Zr or Ce) or Ni-10%Mg alloy at 1 873 K in an alumina crucible using an induction furnace (100 kHz) (% and ppm represent mass% and mass ppm, respectively, hereinafter). The initial oxygen content of the melt was 80 to 100 ppm. The melt was cooled to 1 673 K (0.05 % C), 1 743 K (0.15 % C) and 1 733 K (0.30 % C) at 50 K · min
Ϫ1
, followed by quenching in water. These quenching temperatures determined by cooling curves correspond to the start temperature of the g single phase, namely, the highest temperatures in g single phase followed by dϩg (0.05 and 0.15% C) and gϩliquid (0.30 % C) twophase regions. In the experiment of studying the growth rate of g grains, an Fe-0.15%C-1.0%Mn-1.0%Ni alloy deoxidized with Ti, Al, Zr, Ce or Mg was cooled to 1 473 K at 50 K · min
, followed by water quenching. The solidification structure was observed after etching with an Oberhoffer solution and/or a saturated picric acid and a CuCl 2 solution. The austenite grain size was measured after etching in 2 % nital or a saturated picric acid and a CuCl 2 solution. The density of dendrite (initial d grain) was measured from the solidification structure. The observation area was 200 mm 2 , which corresponded to the half of the cross section area of a vertically sliced sample. The observed number of d grains was about 20 to 50. More details are described in the previous study.
1 ) The method of the measurement of the particle size and number on a polished cross section is also described in the previous study.
8 ) The particle size greater than 0.5 mm can be measured in this study by using a SEM at the magnification of 500. The inclusion composition was determined by EPMA for the particles obtained after electrolytic extraction. The volume fraction of particles was calculated from the content of insoluble M using the density and molecular weight of respective oxides. The concentrations of soluble and insoluble M (MϭTi, Al, Zr, Ce or Mg) were analyzed by using potentiostatic electrolytic extraction method. The detail of the method is described in the previous study.
9)

Results and Discussion
The contents of total oxygen and soluble and insoluble element M obtained in an Fe-0.05 or 0.15%C-1.0%Mn-1.0%Ni alloy are summarized in Table 1 , along with mean austenite grain size, D A , and inclusion characteristics such as mean size, d A , and number of cross section of particles, N A , and volume fraction calculated from insoluble elements, f V . In the present discussion the data reported in the previous study 1) for an Fe-0.15%-1.0%Mn-1.0%Ni (Exp. Nos. 2, 4, 5, 7, 9 and 11) and Fe-0.30%C-1.0%Mn-1.0%Ni alloys (Exp. Nos. 25ϳ28) are also used. 10) The results shown in the middle diagram are already reported in previous paper.
Effect of Misfit
1) The d grains in an Fe-0.05%C-1.0%Mn-1.0%Ni alloy containing ZrO 2 particles could not be revealed by etching. The data for 0.15 % and 0.30 % C are given in previous paper.
1) It was found that the TiC precipitation occurs in the Ti deoxidation of an Fe-0.30%C-1.0%Mn-1.0%Ni alloy. The misfit parameter between TiC and d-Fe is represented by an arrow.
The number density of d grains tends to be higher with lower lattice misfit parameters, suggesting that oxides tend to act as a heterogeneous nucleation site, although the data scatter considerably. In the case of Ce 2 O 3 particles, the number density of d grains increases with decreasing a carbon content. The reason for this is not certain at present. It was found in the single austenite solidification of an Fe-0.50%C-1.0%Mn alloy 1) that the number density of g grains increases significantly with decreasing the lattice misfit parameter between oxide and g-Fe whose values are 0.147 (MgO). 0.063 (Ce 2 O 3 ) and 0.04 (ZrO 2 ).
10) The heterogeneous nucleation of d-Fe in the presence of TiN particles is experimentally confirmed.
11) The lattice misfit parameter between TiN and d-Fe is almost the same as those for MgO and Ce 2 O 3 . It should be noted that the solidification structure (columnar and equiaxed dendrites) is influenced not only by inclusion characteristics, but also by ther-mal gradient and solidification velocity. In the present crucible experiments it is assumed that the latter parameters are constant under a constant cooling rate.
In Fig. 2 , the number density of d grains is plotted against the number of oxide particles per unit area, N A , in an Fe-0.05, 0.15 and 0.30%C-1.0%Mn-1.0%Ni alloys. In the present study the particles on cross section whose size is greater than 0.5 mm can be measured. It can be seen that there is no relationship between number density of d grains and number of particles per unit area in the present measured range of particle number. These results demonstrate that the number of oxide particles above 0.5 mm does not influence the solidification structure under the assumption that oxide particles are an inert substrate to the solidification nuclei.
If one particle acts as a nucleus for one d grain and no coarsening and coalescing occur, the number of oxide particles should be equal to the number of d grains. If this condition is satisfied, the observed number of d grains should be explained by the difference in nucleation potency of oxide.
g Grain Density
When the nucleation rate of g phase is discussed as a function of oxide phase from the observed g grain density, the effect of oxide particles on g grain-growth-inhibition Table 1 . Chemical compositions of total O and soluble and insoluble M, and particle and grain characteristics in Fe-0.05 and 0.15%C-1.0%Mn-1.0%Ni alloy. must be taken into account. In order to separate this effect of g grain growth and to consider only the nucleation effect, the following experimental method has been used in the present study: An Fe-0.05, 0.15 or 0.30%C-1.0%Mn-1.0%Ni alloy was cooled from 1 873 K to 1 673, 1 743 or 1 733 K for 0.05, 0.15 and 0.30% C, respectively, followed by quenching in water. These temperatures determined by the cooling curves correspond to the start temperature of g single phase. By using this quenching method, the g grain growth by coarsening is tried to prevent as much as possible.
The relationship between number density of g grains and lattice misfit parameter between oxide and g-Fe whose values are 0.004 (ZrO 2 ), 0.005 (Ti 2 O 3 ), 0.063 (Ce 2 O 3 ), 0.079 (Al 2 O 3 ) and 0.147 (MgO) 10) is shown in Fig. 3 , classified with the different carbon content. It is to be noted that the number density of g grains corresponds to the inverse value of austenite grain size. In the case of 0.15 and 0.30 % C, the number density of g grains tends to increase with a decrease in the lattice misfit parameter, while it remains constant in the case of 0.05 % C, although the data points scatter considerably. The misfit parameter between TiC and gFe is represented by an arrow. The number density of g grains for Ce 2 O 3 particles increases with increasing carbon content. This indicates that the nucleation rate of g phase increases with carbon content. The reason for this is discussed in Sec. 3.2.
In Fig. 4 , the number density of g grains is plotted against the number of particles per unit area, indicating that there is no relationship between the two. This finding is the same as that shown in Fig. 2 with respect to the number density of d grains.
Ratio of d Grain to g Grain Density
The ratios of number density of g grains to that of d grains are plotted against the lattice misfit parameter between oxide and g-Fe, and against the number of oxide particles per unit area in Figs. 5 and 6 , respectively, classified with the different carbon content. This ratio implies the average nucleation rate of g phase per one d grain under no coarsening in g grain growth. Thus, from the results of Ti 2 O 3 in the case of 0.15 % C shown in the middle diagram of Fig. 5 , it is said that 20 of g nucleation events occurs within one d grain. The g nucleation event per one d grain becomes favorable with a decrease in the lattice misfit parameter in the case of 0.15 and 0.30 % C. In the case of 0.05% C, however, the g nucleation event per one d grain is independent of the lattice misfit parameter, thereby suggesting that there is no effect of oxide phase on g nucle- ation. Furthermore, it is clear from Fig. 6 that the number of oxide does not affect nucleation event of g phase per one d grain under the assumption that oxides are an inert substrate.
Effect of Solidification Mode on g g Nucleation
As shown in Figs. 3 and 5, the effect of lattice misfit parameter on the nucleation of g phase is observed in the case of 0.15 and 0.30% C, not in 0.05% C, although the data scatter considerably. The number of g grains and the ratio of the number of d grains to the number of d grains are plotted against carbon content in the upper and lower diagrams of Fig. 7 , respectively. It can be seen that the number of g grains and the number of g nucleation event per one d grain at 0.15 and 0.30 % C are significantly higher than those at 0.05 % C. In this section the effect of solidification mode on g nucleation is discussed.
F-mode of Fe-0.05%C Alloy
In this mode the d/g transformation occurs after a single d phase region. In the presence of uniformly dispersed oxide particles, the g phase nucleates either intergranularly or intragranularly. This g nucleation site is determined by the competition of the surface area between d/d grain boundaries and particles assuming an inert substrate nucleation. 13) The A V G values obtained theoretically 12) and experimentally at steady state 13) are also shown in the figure. Since in the case of 0.05 % C the observed D spherical. If the surface area of d grains per unit volume is smaller than that of particles which means that if d grain size is large and small particles are present in large amount, the g phase nucleates intragranularly on oxide particles depending on the oxide nucleation potency.
It was observed in the previous study 1) that the nucleation of g phase is well explained by the lattice misfit parameter in the case of a single solidification of A-mode such as Fe-10%Ni and Fe-0.5%C alloys. Therefore, it can be predicted in the case of 0.05 % C that the number density of g grains is also explained by the lattice misfit parameter if the g nucleation occurs intragranularly. However, in fact there is no relationship between nucleation rate and lattice misfit parameter, as shown in the top diagram of Fig. 5 . This indicates that the d/g transformation in the case of 0.05 % C is not influenced by the oxide phase and number, but influenced by the nucleation at d/d grain boundaries. The finding that one or less than one nucleation event of g phase per one d grain observed at 0.05 % C can be interpreted by the rapid g grain growth at d/d grain boundaries. It is considered that the pinning effect by the d phase is small since the range of two phase region is small.
It is pointed out that the observed austenite grain density is equal to the number of nucleation event when the g grain growth occurs as a result of the driving force for the free energy change from d to g phase, not the interfacial energy driven growth i.e., coarsening. From Eq. (1), the mean austenite grain size, D g can be estimated by using the number of oxide particle which corresponds to the number of nucleation sites, N V . Fig. 7 , the nucleation rate of g phase at 0.15 and 0.30 % C is significantly higher than that at 0.05 % C. It is seen from the middle and bottom diagrams of Fig. 5 that the nucleation of g phase at d/liquid interface is dependent on the nucleation potency of oxide represented by the lattice misfit parameter.
Austenite phase nucleates through the peritectic reaction at d/liquid interface, followed by the formation of d and g (0.15 % C) or liquid and g (0.30 % C) two phases in which the coarsening in g grain growth is retarded by phase pinning. Since the proportion of g phase to liquid phase becomes larger with approaching carbon content to 0.10 %, the place at which the peritectic reaction occurs approaches the final solidification surface. In other words, if carbon content approaches 0.51 %, the peritectic reaction occurs at low fraction of solid, f S . Since the particles are uniformly dispersed in the melt, only oxide particles located at the d/liquid interface is used for nuclei. Therefore, the nucleation rate at 0.15 and 0.30 % C is considered to be much smaller than that in the case of intragranular g nucleation at 0.05 % C. However, the results show an opposite trend. It is not certain at present whether the higher nucleation rate for 0.15 and 0.30 % C as well as the dependence of lattice misfit parameter on g nucleation is due to the effect of oxide phase on g nucleation or not. These results can also be explained by the particle pinning effect, although the samples at 0.15 and 0.30 % C are rapidly quenched at the start temperature of g single phase. This will be discussed in next section.
In the present study the austenite stabilizer of Mn (1.0 %) and Ni (1.0 %) are contained in the alloy. It is considered in the case of 0.05 % C that the micro segregation of these elements occurs during solidification, but these segregated elements are homogenized easily due to the rapid diffusion in d phase. Therefore, the effect of Mn and Ni on the nucleation of g phase can be disregarded in the case of 0.05 % C. The peritectic reaction at 0.15 and 0.30 % C occurs at near f S ϭ1 and f S Ͻ1, respectively. The Mn and Ni concentration due to micro segregation in the region of near f S ϭ1 for 0.15 % C are higher than those of f S Ͻ1 for 0.30 % C. It is expected, therefore, that the micro segregated Mn and Ni elements influence the nucleation of g phase.
Effect of Oxide Particles on g g Grain Growth
Zener Pinning Force
In the previous section the nucleation of g phase which corresponds to the number of g grains has been discussed in terms of lattice misfit parameter and number of particles per unit area. It is considered that the number of g phase per unit area is equal to the number of nucleation site per unit area by assuming no coarsening of g grain growth. In this section the effect of oxide particles on the inhibition of g grain growth has been examined by assuming that oxide phase and its number do not affect the nucleation rate.
In Fig. 10 , the mean austenite grain size, D A , is plotted against the Zener pinning force, Z P , which is given by where s is the grain boundary energy (6ϫ10 ), d is the mean particle diameter and f V is the volume fraction of particles which is obtained by
where r i is the density of i species, M M x O y and M M are the molecular weight of M x O y and the atomic weight of M, respectively. Some of the results for 0.15 % C are already shown in previous paper 1) and the results for MgO and Ce 2 O 3 given in Table 1 are added in the middle diagram. The result for ZrO 2 is not shown in the bottom diagram due to a large amount of ZrC precipitates in 0.30 % C. The D A values are independent of the Z P value in the case of 0.05 % C. The reason for this different behavior with respect to carbon content will be discussed in Sec. 3.3.2. As shown in Fig. 4 , the number density of g grains whose inverse values correspond to D A is independent of N A irrespective of carbon content. However, it is clear that the D A values for 0.15 and 0.30 % C are dependent on Z P , thus indicating that these results can be explained by the inhibition effect of grain growth by particles.
An Fe-0.15%C-1.0%Mn-1.0%Ni alloy deoxidized with Al, Ti, Mg, Zr or Ce is cooled to 1 743 or 1 473 K at 50 K · min 
Carbon Content
The values for D A , Z P and N A are plotted against carbon content in the top, middle and bottom diagrams of Fig. 12 , respectively. It can be said roughly that the Z P and N A values except for Zr deoxidation at 0.15 % C are independent of carbon content at a given oxide phase, although the data points scatter considerably. The Z P value for Zr deoxidation at 0.15 % C in which ZrC was precipitated was obtained from the f V value for ZrC using a similar equation given by Eq. (3). It is suggested that the variation of g grain size with carbon content for a given oxide phase is not attributed to the variation of the Z P value.
In the case of 0.05 % C, the grain-growth-inhibition by particles for a given oxide is not effectively operated in comparison with that of 0.15 and 0.30 % C. The reason for this is not certain at present. It is considered that both the nucleation rate at d/d grain boundaries and the g grain growth rate in the case of 0.05 % C are high even in the presence of particles. This is supported by the fact that the intergranular nucleation is more favorable than the intragranular one, as mentioned previously.
Conclusions
The refinement of microstructure in an Fe-0.05ϳ 0.30%C-1.0%Mn-1.0%Ni alloy deoxidized with Ti, Al, Zr, Ce or Mg has been studied from the viewpoints of the nucleation rate of g phase per one d grain and the g graingrowth-inhibition effect. The results obtained are summa- rized as follows: (1) The ratio of the number of g grains to the number of d grains per unit area increases with decreasing the lattice misfit parameter between oxide and g-Fe at 0.15 and 0.30% C, but not at 0.05% C. These results indicate that the nucleation event of g phase per one d grain becomes favorable with decreasing the misfit parameter for the systems in which g phase appears through the peritectic reaction. In the case of 0.05 % C, however, it is suggested that g phase nucleation occurs at d/d grain boundaries.
(2) The g grain size obtained by quenching at the start temperatures of g single phase decreases with increasing the Zener pinning force at 0.15 and 0.30% C, but not at 0.05 % C. These results indicate that the observed microstructure in the presence of different oxides can be interpreted not only by the difference in the nucleation potency, but also by the difference in the Zener pinning force.
(3) The g grain size obtained by quenching at the start temperatures of g single phase depends strongly on carbon content rather than the Zener pinning force. These results suggest that the growth rate of g grain at 0.05 % C in which the g nucleation occurs at d/d grain boundaries is very fast in comparison with the g grain growth at 0.15 and 0.30 % C.
